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S
arcoidosis is a systemic granulomatous disorder characterized by frequent pulmonary involvement. Although asymptomatic pulmonary disease and spontaneous remission of clinically overt disease are commonly encountered, a chronic course occurs in 10 to 30% of patients, at times resulting in significant impairment of lung function. Mortality rates of 1 to 6% have been reported, [1] [2] [3] with the majority of deaths in the United States attributable to respiratory failure. The treatment of symptomatic pulmonary sarcoidosis mainly involves corticosteroids or other anti-inflammatory and immunosuppressive agents, but advanced disease that is unresponsive to medical therapy is considered to be an indication for lung transplantation. Given the significant risks and mortality rate associated with transplantation, this option ideally should be reserved for patients who are not only severely impaired but in imminent danger of dying from their disease. Be-cause of the often protracted and variable course of sarcoidosis, determining the optimal timing of transplantation is problematic. Although certain clinical features of sarcoidosis have been identified as markers of a chronic course, accurate predictors of intermediate-term mortality in patients with advanced disease have not been well-defined. 1, 3 In the absence of such disease-specific prognostic indexes, the recently published international guidelines for the selection of lung transplant recipients 4 recommend that the same criteria utilized for the listing of patients with idiopathic pulmonary fibrosis be applied to those with pulmonary fibrosis secondary to sarcoidosis, despite the seemingly disparate courses followed by these two disorders. 4, 5 To better characterize the natural history of advanced sarcoidosis, we performed a retrospective cohort study of all patients with sarcoidosis who have been placed on the list for lung transplantation at our institution since 1991. Our specific aim was to identify prognostic factors associated with an increased risk of early mortality that could assist in determining the appropriate timing of referral for lung transplantation. A secondary goal was to examine outcomes following lung transplantation to provide insight into the risk/benefit ratio associated with transplantation in this complex patient population.
Materials and Methods

Study Population
Between January 1991 and May 2000, 56 patients with sarcoidosis were evaluated in the University of Pennsylvania Lung Transplant Program. All patients underwent a standard battery of tests that included pulmonary function testing (ie, spirometry, lung volume measurements by body plethysmography, and single-breath diffusing capacity) (MedGraphics System 1085; Medical Graphics Inc; St. Paul, MN), measurement of room air arterial blood gas, 6-min walk testing, chest radiography, echocardiography, right and left cardiac catheterization, and nutritional assessment. Forty-three patients were listed for lung transplantation, and they comprise the current study population. The general criteria for listing included severe impairment in lung function, lack of response to medical therapy, and marked exercise limitation with a New York Heart Association functional class III or IV. Thirteen patients were not offered listing. The reasons for exclusion included major medical comorbidity, extremes of weight, severe debility, and peripheral mycetomas associated with extensive pleural thickening.
Statistical Analysis
Demographic, clinical, and physiologic parameters derived from the transplant evaluation were chosen for consideration as potential risk factors. Potential risk factors were initially analyzed for significant association with mortality on the waiting list utilizing the log rank test for categoric variables and the Cox proportional hazards model for continuous variables. When appropriate, continuous variables were dichotomized according to clinically relevant or published cutoff points and inspection of the data. To assess the strength of association of clinical variables with mortality on the waiting list when adjusted for the potential confounding effects of other significant variables, a multivariable explanatory analysis using the Cox proportional hazards model was performed. Risk factors with a level of significance defined as p Ͻ 0.2 in univariate analysis were adjusted for in the multivariable explanatory model. To avoid model overfitting, significant risk factors were tested for independent association with outcome by adjusting for confounding variables one at a time. Confounding was defined as a difference of Ͼ 15% between the unadjusted and adjusted relative risks (RRs). Risk factors were adjusted for all significant confounding variables, and summary adjusted RRs are reported. A p value Ͻ 0.05 following adjustment for all confounding variables was considered to be significant. Collinear variables were not individually adjusted for in the multivariable analysis.
Overall survival was analyzed by the Kaplan-Meier technique, and differences in survival were assessed for statistical significance by the log rank test. In analyzing the survival of the 43 patients listed for transplantation, time 0 was the date of listing and censoring was performed at the time of transplantation. For the 12 patients who underwent transplantation, posttransplantation survival was analyzed with time 0 defined as the date of transplantation.
Comparisons of hemodynamic variables at listing and transplantation were made using the paired Student's t test. All statistical analyses were performed using computer software packages (StatView, version 5.0.1; SAS Institute; Cary, NC; and STATA, version 6.0; STATA Corp; College Station, TX).
Results
Characteristics of Listed Patients
The demographic, clinical, and physiologic characteristics of the 43 patients who were listed are summarized in Table 1 . The mean (Ϯ SD) age of patients was 45 Ϯ 8 years. There were 34 black and 9 white patients in the group; 15 patients were men and 28 were women. The diagnosis of sarcoidosis was established 13 Ϯ 8 years prior to listing, and respiratory symptoms had been present for 10 Ϯ 7 years. Forty-seven percent of patients had extrapulmonary involvement, 77% were receiving prednisone, and 98% were receiving oxygen therapy. With regard to pulmonary function, 22 patients demonstrated a pure restrictive pattern, 17 patients demonstrated an obstructive or mixed obstructive/restrictive pattern, and 2 patients had normal results of spirometry and lung volume measurements in the context of severe pulmonary hypertension. All patients but these two had stage III or IV disease, as seen on chest radiographs. Chest radiographs in the two remaining patients demonstrated findings of pulmonary hypertension in the absence of parenchymal abnormalities.
Analysis of Risk Factors for Mortality While Awaiting Transplantation
Twenty-three of 43 patients (53%) died while awaiting transplantation. Twelve patients underwent lung transplantation, and the remaining 8 patients were alive and awaiting transplantation at the end of the observation period. Survival (determined by the Kaplan-Meier method) for the entire group of 43 patients awaiting transplantation (with censoring at the time of transplantation) was 66% at 1 year, 40% at 2 years, and 31% at 3 years (Fig 1) . The clinical characteristics of living and deceased patients are shown in Table 2 and unadjusted RRs determined by univariate analysis are shown in Table 3 . There was no significant difference between the two groups with respect to age, race, gender, time from diagnosis, duration of respiratory symptoms, presence of extrapulmonary disease, use of prednisone or oxygen, standard pulmonary function parameters, pulmonary vascular resistance (PVR), or 6-min walk test distance. In contrast, room air Pao 2 and cardiac index were significantly lower, and both mean pulmonary artery pressure (PAP) and right atrial pressure (RAP) were significantly higher in the group of patients who died while awaiting transplantation. Hypoxemia (defined as a Pao 2 Յ 60 mm Hg) was present in 56% of patients who died compared to 31% of those who remained alive (unadjusted RR of mortality, 3.4; 95% confidence interval [CI], 1.2 to 9.3; p ϭ 0.01). Eighty-three percent of patients who died had a mean PAP of Ն 35 mm Hg compared to 40% of living patients (unadjusted RR of mortality, 3.2; 95% CI, 1.1 to 9.5; p ϭ 0.02). A cardiac index of Յ 2 L/min/m 2 was present in 52% of patients who died compared with only 11% of patients who were alive (unadjusted RR of mortality, 2.8; 95% CI, 1.2 to 6.6; p ϭ 0.02). Finally, severe elevation of RAP (ie, Ն 15 mm Hg) was present in 45% of deceased patients compared with no patients who survived on the waiting list (unadjusted RR of mortality, 7.6; 95% CI, 3.0 to 19.3; p Ͻ 0.0001).
The influence of these parameters on survival while awaiting transplantation was further illustrated by survival estimates using the Kaplan-Meier method. For patients with Pao 2 Յ 60 mm Hg, the survival rate was 31% at both 1 and 2 years compared to 94% and 53%, respectively, for patients with Pao 2 Ͼ 60 mm Hg (p ϭ 0.01). One-year and 2-year survival rates of patients with a mean PAP Ն 35 mm Hg were 51% and 25%, respectively, compared to 93% and 78%, for patients whose mean PAP was Ͻ 35 mm Hg (p ϭ 0.02). Patients with a cardiac index Յ 2 L/min/m 2 had 1-year and 2-year survival rates of 39% and 23%, respectively, compared to 84% and 51% for patients with a higher cardiac index (p ϭ 0.02). Last, for patients with a RAP Ն 15 mm Hg, the 1-year and 2-year survival rates were 20% and 0%, respectively, as compared to 83% and 57%, respectively, for patients with a lower RAP (p Ͻ 0.0001; Fig 2) .
A multivariable explanatory analysis was performed to determine the independent association of each variable with mortality when adjusted for other risk factors and potential confounders. The variables included in the multivariable model were PAP Ն 35 mm Hg, Pao 2 Յ 60 mm Hg, cardiac index Յ 2 L/min/m 2 , RAP Ն 15 mm Hg, PVR, and 6-min walk test distance. The adjusted RRs are presented in Table 3 . When adjusted for other significant variables, a RAP Ն 15 mm Hg was the only variable independently associated with the death of patients on the waiting list, with a RR of 5.2 (95% CI, 1.6, 16.7; p ϭ 0.006). PAP, Pao 2 , and cardiac index did not maintain their significant association with mortality when adjusted for confounding.
Posttransplantation Course
Twelve of the 43 patients underwent transplantation an average of 494 Ϯ 105 days (range, 45 to 1,319 days) after being placed on the list for transplantation (Table 4) . Four patients underwent single-lung transplantation, and eight patients underwent bilateral lung transplantation. Hemodynamic data derived from the insertion of a pulmonary artery catheter at the time of transplantation were available for review in 10 of the 12 patients who underwent transplantation. The mean PAP at the time of transplantation was 41 Ϯ 15 mm Hg compared to 29 Ϯ 11 mm Hg at the time of listing (p Ͻ 0.005). All but one patient demonstrated progressive elevation of the mean PAP during the waiting period (Fig 3) . The mean RAP increased to a lesser degree, from 7 Ϯ 3 mm Hg at the time of listing to 9 Ϯ 4 mm Hg at the time of transplantation (p ϭ 0.53). Five of 12 patients died 0 to 957 days after undergoing transplantation. Three of the deaths were due to Aspergillus infection, one death was due to severe intraoperative hemorrhage and graft failure in a patient in whom extensive pleural and mediastinal adhesions were encountered during pneumonectomy of the native lungs, and one death was secondary to hemolytic uremic syndrome and aspiration pneumonia. In two of three deaths due to Aspergillus infection, native lung aspergillomas were the source of infection. Survival after transplantation (as determined by the Kaplan-Meier method) was 62% at both 1 year and 2 years, and was 50% at 3 years (Fig 4) .
Two bilateral lung transplant recipients developed recurrent sarcoidosis in their allografts. Both patients were asymptomatic but manifested mild restriction on pulmonary function testing. In one patient, radiographic studies were normal, but noncaseating granulomas were repeatedly demonstrated on transbronchial lung biopsy specimens in the absence of infection or rejection. The patient's pulmonary function improved significantly after changing her immunosuppressive regimen from cyclosporine, azathioprine, and prednisone to tacrolimus, mycophenolate mofetil, and prednisone. The other patient developed nodular bronchocentric infiltrates in the mid and upper lung zones, as seen on chest CT scans, that persisted over a 2-year period without progression. Although the results of transbronchial lung biopsies did not show granulomatous inflammation, a presumptive diagnosis of recurrent sarcoidosis was made on the basis of the radiographic pattern and the exclusion of alternative etiologies. Both lung function and radiographic abnormalities improved after the prednisone dose was transiently increased.
Discussion
In this study, we have examined the clinical course of 43 patients with advanced sarcoidosis listed for lung transplantation in an attempt to identify prognostic indexes. Our study demonstrates that the mortality rate in this group is very high, with approximately half of listed patients dying prior to transplantation and a median survival time for the group of Ͻ 2 years. Notably, we have shown that hypoxemia, pulmonary hypertension, diminished cardiac index, and elevated RAP are associated with a significant risk of death. By multivariable analysis, the presence of an elevated RAP emerged as the only variable independently associated with mortality.
Although the natural history of sarcoidosis has been scrutinized previously, the prognostic factors that have been identified have been relatively imprecise and therefore of limited clinical utility. 1-3,6 -8 Acute clinical manifestations and earlier radiographic stages have been associated with a high rate of remission and favorable prognosis. 3, 6, 9 In contrast, black race, lupus pernio, chronic uveitis, cystic bone lesions, age of onset of Ͼ 40 years, chronic hypercalcemia, nephrocalcinosis, radiographic patterns of stage III or IV disease, and splenomegaly have been associated with a higher likelihood of chronic or progressive disease but have not been well-correlated with mortality per se. 2, 3, 10, 11 In their study group of 254 patients, Vestbo and Viskum 12 reported that the presence of respiratory symptoms at the time of initial presentation was a significant predictor of mortality from sarcoidosis. In contrast to our study looking at short-term mortality, the median follow-up in the study by Vestbo and Viskum 12 was 27 years, with an overall mortality rate of only 13%. Baughman and coworkers 8 reviewed their 7-year experience with 479 patients with sarcoidosis, identifying fibrosis seen on chest radiographs and a vital capacity of Ͻ 1.5 L as predictive of death from respiratory failure. However, the utility of these radiographic and functional indexes was limited by low positive predictive values, which were only 21% and 24%, respectively. Furthermore, the short-term prognosis of patients with a vital capacity of Ͻ 1.5 L was still relatively favorable, with a survival rate (Kaplan-Meier method) at 3 years of approximately 70%. In our study, we did not detect any association between pulmonary function parameters and death but this likely reflects the fact that we restricted our analysis to a more homogeneous group with advanced disease and severe impairment in lung function. Similar to our approach, Judson 13 reviewed the course of 10 patients with sarcoidosis listed for lung transplantation at the Medical University of South Carolina and documented a 40% mortality rate. His analysis also failed to identify pulmonary function parameters as predictive of outcome, although definitive conclusions were limited by the small size of the study population. Interestingly, Judson commented that the four patients who died had "poorer gas exchange and more severe pulmonary hypertension" than those who survived, factors that were identified in our study as statistically associated with an increased risk of death.
A striking finding of our study was the prognostic importance of right ventricular hemodynamics. We found pulmonary hypertension and elevated right ventricular filling pressures to be common features of patients with advanced sarcoidosis. In this regard, the mean PAP for the entire group was 41 Ϯ 16 mm Hg and the mean RAP was 11 Ϯ 6 mm Hg. Furthermore, pulmonary hypertension progressed over time, as demonstrated by repeat hemodynamic studies at the time of transplantation. Both mean PAP and RAP were found to be associated with an increased risk of death in univariate analysis. By multivariable analysis, only RAP was found to be independently associated with increased mortality, suggesting that the lethal effects may be attributable not to the magnitude of pulmonary hypertension but to its impact on right ventricular performance. Although pulmonary hemodynamics have been shown to be of prognostic importance in patients with primary pulmonary hypertension and COPD, their prognostic value in diffuse parenchymal disease has been unclear. 14, 15 In a study of 67 patients with chronic interstitial lung disease who were referred for lung or heart-lung transplantation, Harari and colleagues 16 were unable to identify any correlation between hemodynamic parameters and pretransplant survival. Notably, however, none of the patients in their study had sarcoidosis. More than half of our patients died while awaiting transplantation, indicating that listing frequently occurred too late in the course of disease. Under the current allocation system in the United States, donor lungs are distributed by time accrued rather than medical urgency, and the median waiting period now is approximately 2 years. 17 The decision to list a patient must factor in this prolonged waiting time and, therefore, must often be based not on imminent need but on anticipated need for transplantation in the intermediate term. Our study clearly demonstrates that patients with established right ventricular dysfunction at the time of listing, as evidenced by a RAP Ն 15 mm Hg, are unlikely to survive until transplantation, since none of these patients survived for 2 years. In a subset of 10 patients who had serial assessments of hemodynamics, we also have demonstrated the propensity of pulmonary hypertension to worsen over a relatively brief period of time. Based on these observations, we would recommend that serial evaluation of pulmonary hemodynamics be incorporated into the routine monitoring of patients with advanced sarcoidosis. The development of pulmonary hypertension, in conjunction with significant limitation in exercise tolerance, should prompt the strong consideration of listing for transplantation before the onset of significant right ventricular dysfunction.
From 1988 to 1999, a total of 392 patients with sarcoidosis were listed for lung transplantation in the United States, 149 of whom subsequently underwent lung transplantation. One-year, 2-year, and 3-year posttransplant survival rates (determined by the Kaplan-Meier method) of these patients were 67%, 59%, and 50%, respectively (S. Buckingham, United Network for Organ Sharing; personal communication; June 2000). These survival rates closely approximate those that we have reported in the current series and are comparable to outcomes achieved in association with idiopathic pulmonary fibrosis, primary pulmonary hypertension, and cystic fibrosis both nationwide and within our own program. 17 Whether transplantation actually confers a survival advantage over the natural history of advanced sarcoidosis is uncertain. Direct comparison of the posttransplant survival rate of patients in our study to the survival rate of patients on the waiting list (with censoring of patients at the time of transplantation) suggests a potential for improved survival associated with transplantation. However, firm conclusions are limited by the small number of at-risk patients in each group beyond the first year and by the interdependence of the two patient populations (ie, 12 patients were common to both the listed patient group and the group that had received transplants). Time-dependent nonproportional hazards analysis of a larger cohort of patients, as has been performed on other advanced lung disease populations, 18 may provide more definitive insight into this question but is beyond the scope of the current study.
The posttransplantation course of our patients was distinguished by a seemingly high incidence of lethal invasive Aspergillosis, with three of five deaths attributable to this complication. In two of these cases, native lung aspergillomas could be directly implicated as the source of infection. In one case, soiling of the pleural space by a mycetoma occurred at the time of explantation, and the patient rapidly developed widespread infection within the thoracic cavity despite immediate administration of IV amphotericin therapy. In the second case involving the recipient of a single lung, widespread infection of the allograft with Aspergillus was demonstrated on postmortem examination to have arisen from an aspergilloma in the contralateral native lung that was not apparent on routine chest radiography. The experience of other centers with this problem has been variable. Pigula and colleagues 19 encountered invasive aspergillosis in four of nine transplant recipients with sarcoidosis who survived beyond the first month. In contrast, aspergillosis was not found in any of 12 patients who received transplants at a major British center. 20 Based on our experience, we favor the performance of bilateral transplantation for those patients with Aspergillus recovered on preoperative sputum cultures or with CT evidence of aspergillomas (even when unilateral) in an attempt to remove all devitalized tissue that might be harboring this organism. Additionally, we currently exclude patients with peripheral aspergillomas associated with marked pleural reaction for fear that the likelihood of pleural contamination during explantation would be high.
Two of the 12 patients in our series developed evidence of recurrent sarcoidosis. Others have reported varying rates of recurrence involving as many as two thirds of patients in one study. 19 -29 The propensity for sarcoidosis to recur in the context of immunosuppression is surprising, particularly since T-cell activation has been implicated as a major component of disease pathogenesis. 30 Nevertheless, recurrence is typically of little clinical consequence and should not influence the decision to extend transplantation to this patient population.
In conclusion, patients with advanced sarcoidosis awaiting lung transplantation at our center had a high mortality rate, with approximately half of the patients dying prior to transplantation. Marked elevation in RAP, reflecting right ventricular dysfunction, was the strongest predictor of death. While the listing of patients with sarcoidosis prior to the onset of right ventricular dysfunction will diminish the mortality rate on the waiting list for lung transplantation, further improvement in posttransplantation outcomes will be necessary to ensure that this procedure truly bestows a survival benefit.
